Abstract. One of the major problems of highway and railway bridges is the settlement of the bridge abutments, whose reduction has always been set as the research target. Two methods that have been widely used for controlling the settlement are either reinforcing the abutment subsoil with geogrid or constructing the abutments on piles. This paper describes the application of a two-dimensional Finite-Element Method (FEM) by using Plaxis 2D V8.5 for comparing the performances of these two methods. The e ect of the geogrid normal sti ness, length, and depth of reinforcement on the horizontal and vertical displacements of abutment is also investigated. Data from an instrumented bridge abutment have been used for the model veri cation. The reduction of the bridge abutment, the vertical settlement, and the horizontal displacement by pile and geogrid have been analysed and compared. It is found that constructing the abutment on piles has a better performance in reducing the vertical settlement of the bridge abutment. However, lower lateral displacement can be obtained by using a geogrid with higher normal sti ness. It is also found that while the vertical settlement is not a ected by the geogrid sti ness, the horizontal displacement of the abutment decreases by increasing the sti ness.
Introduction
One of the geotechnical problems of highway construction is encountering soft soils in pavement subgrade and foundation of bridge abutments [1] . The soft soils can easily cause settlement of bridge and pavement, resulting in uneven surface on the roadway. To overcome this problem, a variety of approaches have been proposed by the engineers worldwide, whereas the optimum solution is subjective. For a long time, piles have been used to transfer the bridge abutment loads to the competent soil in depth or taking that by the friction between the piles' surface and the surrounding soil [2] . Another method for controlling the settlement of abutment on soft soil is reinforcing the sub soil by geosynthetics [3] . A number of studies have been carried out to investigate each method, some of which are presented relevant to our study in the following.
Hara et al. [4] conducted two eld tests on bridge abutment constructed on weak soil and investigated the pile behaviour by monitoring the responses and using them for veri cation of the numerical modelling by nite-element method. According to their results, Biot's theory could well predict the pile displacements; thus, they suggested using this theory in modelling.
Lee and Wu [5] used geosynthetics and their combination with preloading for reinforcing bridge abutments in 4 di erent projects and studied their behaviour by monitoring the responses. They found that the lateral displacements and settlement were signi cantly reduced by geogrid reinforcement and preloading, such that the horizontal strains under a load level of 80 kPa were about 0.2%.
Skinner and Rowe [6] studied a bridge abutment (6 m long) reinforced by geosynthetics. They found that the increase of length and sti ness of underlying layers was more signi cant than that of the overall bearing capacity on the stability of bridge.
Ellis and Springman [7] investigated the interaction of soil and a bridge abutment constructed on clay soil and found its 2D plane strain model to determine load-displacement using the non-linear method. The model was also placed in centrifuge and came to a result that the plain strain model could well predict the loaddisplacement behaviour.
Wang et al. [8] investigated the behaviour of bridge abutments on soft soil using nite-element modelling in ABAQUS. Considering plane strain in nite-element modelling, the behaviour of embankment and abutment was well predicted. Cam-clay model was used to simulate the behaviour of clay soil. They found that the cam-clay model could well predict the consolidation behaviour of saturated clay in interaction of soil-structures.
Fahel et al. [9] investigated the behaviour of geogrid reinforced soil and its interaction with bridge abutment in highway SC-101 in Brazil. Their results showed that reinforcement of soil resulted in the decrease of lateral displacement of bridge abutment, and it was more e ective than the traditional methods were, such as berm.
Zheng and Fox [10] investigated the performance of bridge abutments reinforced by geogrid using discrete element method, and found that the results obtained by discrete elements method for vertical and horizontal displacements and the tensile stresses and the corresponding strains were consistent with those measured in the eld. They also found that the soil compaction, the distance between anchors, and the loads on bridge had the highest e ect on the lateral displacements and settlement of bridge abutment. As observed, their performance in the same conditions for reducing the displacement has not been compared yet, where their comparison is the novelty of this research.
With the objective of comparing the performances of pile and geogrid in reducing the vertical and lateral deformation of a bridge abutment settled on soft soil, a two-dimensional nite-element analysis was conducted using the Plaxis 2D V8.5. For veri cation of the model, the data obtained from monitoring the deformations in a real scale project were applied. Next, numerical modelling was carried out to perform the analysis and comparison of two cases of Piled bridge Abutment (PA) and Geogrid Reinforced Abutment (GRA). Furthermore, a parametric investigation was performed on the e ects of the properties of the geogrid reinforcement, namely the length, depth of reinforcement, and normal sti ness, on the displacement of abutments.
2. Real-scale abutment modelling 2.1. Modelling the Piled bridge Abutment (PA) Figure 1 shows a section of the abutment used in this study. From top to bottom, the soil types include highly organic soil (Ap) with the thickness of 6.2 m, Alluvial clay 1 (Ac1) with the thickness of 5.2 m, volcanic ash (Av) with the thickness of 3.8 m, Alluvial clay 2 (Ac2) with the thickness of 6.1 m, and bedrock.
The abutment is designed with dimensions of 10 m in width, 10 m in length, and 9 m in height, which is supported by a group of 25 (5 5) piles. The piles are made of steel with circular cross-section with 800 mm in diameter, 12 mm in thickness, and 12 m in length. Therefore, Figure 1 illustrates the cross-section of the ll and the abutment perpendicular to the bridge axis ( Figure 1(b) ). To reduce the vertical and horizontal displacements of the ground due to the lling, a layer of sand with the thickness of 3 m has been constructed as pre-loading prior to the construction of the piles and abutment. Figure 2 (a to h) shows the process of constructing the ll, as follows: a) After constructing the sand drains, the sandmat was constructed up to the level of 1.3 m from the initial ground level and, then, laid out for 150 days; b) For pre-loading, the ll with a height of 1.7 m was constructed with a rate of 10 cm/day on the sand mat and was laid out for 60 days. Therefore, the total height of the sand mat and the ll for preloading from the initial ground level is 3 m; c) A part of the pre-loading layer was removed to construct the abutment and the piles. Then, the ll behind the abutment was constructed again up to a height of 3 m; d) The lling continued to a height of 7.6 m with a rate of 4 cm/day and, then, left for 400 days; e) Three meters of the upper part of the ll was removed and the rest was left for 150 days; f) The ll was constructed up to a height of 8.5 m at a rate of 5 cm per day; g) The deck load was applied on the abutment and was left for 200 days to be consolidated. h) The constant loads were applied for 200 days in last stage construction. In Figure 2 , the solid line shows the thickness of the lled soil from the original ground level, and the grey line shows the height of ll from the ground level. Due to the settlement of the original ground during the construction process, the height of the lled soil is higher than that of the original level of the ground.
The ll soils were simulated using the MohrCoulomb model. The soil density was obtained from in situ density tests, t1 , and was modi ed for the settlement during construction; in addition, the weight in 3D space was transferred to 2D one. The cohesion (c) and the internal friction of the soil (') were obtained from CD-tests results. The abutment material was assumed linear and its properties, such as density, elastic modulus, and Poisson's ratio, were assumed as those for reinforced concrete. In 2D analysis, a row of piles was simpli ed as a wall of plane strain, as recommended by Randolph [2003] . The arrangement of the piles beneath the abutment is shown in Figure 3 . The plane strain wall was assumed linear in the analysis. The behaviors of clay and organic soils were simulated by modi ed Cam-clay model. Table 1 shows all of the materials properties and their con guration used in the analysis.
Considering the sand drains, instead of their circular cross-section, an equivalent rectangular section, perpendicular to the bridge axis, was used. Thus, the ow rate of the two sections should be equal, and Eq. (1) must be satis ed. where T V is time factor (in consolidation). The behavior of sand drains materials was simulated using Mohr-Coloumb model. The loads applied on the abutment through bridge deck were calculated according to local loading code, for which the dead load, live load, and braking load were considered. Figure 4 shows the geometry of the abutment as well as the dead, live, and braking loads applied per unit length of the abutment. 2.1.1. Analysis of the model 15-noded triangular elements with 12 Guassian points were used for modelling. Plate elements were used for piles. Considering time-dependent dissipation of excess pore pressure, the analysis in all phases was performed using the consolidation analysis. Standard boundary conditions in Plaxis were considered in modelling, in which the left and right boundaries were constrained horizontally, and the boundary at the bottom of the model was constrained in both vertical and horizontal directions. The left and right boundaries are far enough to minimize the e ect of the abutment displacements. After de ning the geometry of the model and assigning properties to the materials, the meshing was designed, for which ner meshes were considered for the spaces between the piles and sand drains. Figure 5 shows the model together with the FE mesh. For the boundary at the bottom, constrained ow and consolidation were considered to prevent the water ow and allow for the establishment of the excess pore water pressure. For the left and right boundaries, constrained consolidation was considered as the conditions of pore water pressure during the consolidation. Computation of the constructed abutment on pile was done in 9 consolidation analysis phases, and the whole process of construction and consolidation lasted 1380 days. The analysis was conducted to determine the horizontal and vertical displacements of the model.
Modelling the Geogrid Reinforced
Abutment (GRA)
The abutment constructed on the piles, as described in the previous sections, was analysed again with replacing the piles and the embankment with geogrid reinforced soil beneath and behind the abutment (Figure 6 ). The geometry of the GRA is the same as that of the PA, as described in the previous section. The process of constructing the abutment is also the same as that of the PA, except that, during lling the embankment soil, the geogrid layers are placed at 40 cm intervals, and 7 layers of geogrid have been used for reinforcing the soil beneath the abutment. Soil with higher quality was used between the geogrids, for which the properties are presented in Table 2 . The same behaviour and parameters, similar to the case of PA, were utilized for the case of GRA. In numerical analysis, the geogrid element was assumed elastic. The distance between the geogrid layers is 0.4 m; their base normal sti ness is assumed 500 kN/m; the depth of reinforced soil beneath the abutment is 3.2 m. In order to investigate the e ects of di erent properties of geogrid reinforcement on the vertical and horizontal displacements of abutment, di erent lengths, normal sti ness values, and depths of reinforced soil were investigated, as shown in Table 3 . Figure 6 . The geometry of GRA. 15-noded triangular elements with 12 Guassian points were used in modelling the GRA. Geogrid element was employed for modelling the geogrids. The computation of Geogrid Reinforced Abutment (GRA) was conducted in 37 phases of consolidation analysis. The total time of construction process was 1380 days. 3 . Results of analysis 3.1. Piled bridge Abutment (PA) Figure 7 (a) shows the history of the maximum settlement of ground from its initial level. As observed, the measured and calculated values are well consistent. Figure 7(b) shows the maximum horizontal displacement of the pile head on the inner side of bridge's abutment. As observed, there is slight discrepancy between the measured and calculated values, which is more noticeable after removing the 3-m upper part of the abutment. In addition, the maximum horizontal displacement under the abutment was calculated to be 12 cm, while the measured value was 17 cm. This discrepancy is attributed to the modelling assumptions, and that the 3-dimensional interaction mechanisms between the soil and piles have not been well simulated by the 2-dimensional modelling in this analysis. In general, before removing the upper part, the horizontal displacement of the piles head, calculated by the model, is reliable and is not accurate after that. Figure 8 shows the vertical settlement of points E, G, H, I, and J on the foot of abutment, as shown in Figure 5 . As observed, point G has the highest vertical settlement before construction of piles. However, after construction of the piles, the settlement of the points stopped, indicating that the piles under the abutment prevented the settlement of the abutment.
Geogrid Reinforced Abutment (GRA)
In order to investigate the e ect of geogrid length on the vertical and horizontal displacements of abutment, di erent lengths of 11, 17, 21, and 25 m, all with the normal sti ness of 500 kN/m and depth of reinforcement of 3.2 m, were used in the modelling. Figures 9 and 10 show the history of the vertical and horizontal displacements of the abutment, respectively, for di erent lengths of geogrid. As observed, the maximum vertical settlement of 60 cm was obtained after construction of abutment by using geogrids of 11 m long, which could be due to the occurrence of punching under the abutment caused by insu cient length of geogrid. However, the vertical settlement of the abutment is almost identical for the lengths of 17, 21, and 25 m and much lower than that for geogrids of 11 m long. According to Figure 9 , the horizontal displacement for geogrids of 17 m long is approximately 5 cm higher than those for geogrids of 21 and 25 m long are. Therefore, the geogrid length of 21 m was selected for investigating the other properties of geogrid.
As mentioned earlier, the e ect of the depth of reinforced soil on the vertical settlement and horizontal displacement of abutment was investigated by modelling the GRA using geogrids of 21 m with 500 kN/m normal sti ness. Figures 11 and 12 show the history of the maximum vertical settlement and the maximum horizontal displacement of the abutment, respectively, for di erent depths of reinforcement. As observed in Figures 11 and 12 , the vertical settlement and lateral displacement of abutment decreased with increasing the depth of reinforcement. By increasing the depth of reinforcement from 3.2 m to 8 m (20 layers of geogrid), the vertical settlement decreased from 104 cm to 60 cm and the horizontal displacement decreased from 14 to 6 cm.
In order to investigate the e ect of the normal sti ness of geogrids on the displacements of abutment, geogrids with di erent normal sti nesses of 500, 1000, and 1500 kN/m were used. For all cases, the depth of reinforced soil was 6.2 m and the length of the geogrids was 21 m. Figure 13 shows the maximum settlement of the abutment for geogrids with di erent normal sti ness values. As is clear, the vertical settlement of abutment was not a ected by the normal sti ness of geogrid. Figure 14 shows the maximum horizontal displacement of abutment head for di erent normal sti ness values of geogrid. As observed, the horizontal displacement of abutment decreased with increasing the normal sti ness of geogrid. The maximum horizontal displacement of 11 cm for the geogrid with the normal sti ness of 500 kN/m reduced to approximately 5 cm for the geogrid with the normal sti ness of 1500 kN/m. Figure 15 shows the vertical settlement of the abutment on piles (PA) and the abutment on geogrid reinforced soil (GRA). As can be seen, in equal conditions, the maximum vertical settlement of the PA is less than that of the GRA. The gure also shows that, after constructing the pile, the vertical settlement of the PA does not increase anymore. Figure 16 shows the maximum horizontal displacement of PA and GRA with di erent sti ness values of geogrid. As can be seen, increasing the sti ness of the geogrid decreases the horizontal displacement. The horizontal displacement of the abutment decreases by 82%, as the sti ness increases from 500 kN/m to 1500 kN/m. In this gure, it can also be seen that the horizontal displacement of the abutment on soil reinforced by geogrids with the normal sti ness of 500 kN/m is higher than that of the PA. However, as the sti ness increases to 1500 kN/m, the maximum horizontal displacement reduces to a value less than that of the PA.
Comparison of PA with GRA

Conclusions
This research investigated the performance of constructing bridge abutment on piles and geogrid reinforced soils in reducing the vertical and horizontal settlement of the abutments. The following are brief conclusions.
Veri cation of the model showed that it could well predict the vertical settlement, occurring throughout the construction of the embankment, piles and abutment; however, the lateral displacement of the pile, after removing the upper part of the ll, cannot accurately predict the vertical displacement;
Constructing the abutment on piles and geogrid reinforced soil could reduce both the horizontal and vertical displacements;
The vertical settlement of the GRA was higher than that of PA, and is independent of the sti ness of the geogrid. However, the horizontal displacement of the GRA could be less than that of the abutment on pile, when the sti er geogrid was used for reinforcement;
The horizontal displacement and the vertical settlement of the abutment decreased with an increase in the length of geogrid layers;
The horizontal and vertical displacements of the abutment decreased with an increase in the reinforcement depth;
Since the vertical displacement of the bridge abutment is more important than the horizontal displacement for highway ride quality, it is suggested that piles be used for construction of the abutments on soft soils. 
